Abstract RbpA and CarD are essential transcription regulators in mycobacteria. Mechanistic
Introduction
The bacterial pathogen Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis, an ongoing world health problem. RNA polymerase (RNAP), responsible for all transcription in bacteria, is the target of the rifamycin class of antibiotics, a first-line therapeutic treatment for tuberculosis (Chakraborty and Rhee, 2015) . Thus, RNAP is a proven drug target, highlighting the importance of gaining a structural and functional understanding of mycobacterial transcription -an understanding made difficult by the lack of a mycobacterial RNAP structure.
Bacterial transcription initiation is controlled by promoter-specificity s-factors, which associate with the core RNAP (a 2 bb'w subunits), generating the holoenzyme (holo; Gruber and Gross, 2003; Murakami and Darst, 2003) . Promoter DNA sequences are recognized by holo (Murakami et al., 2002) , triggering a series of conformational changes as the enzyme unwinds 12 to 14 base pairs of DNA to generate the transcription bubble and loads the template-strand (t-strand) DNA into the RNAP active site, resulting in the transcriptionally-competent open promoter complex (RPo; Saecker et al., 2011) .
The vast majority of mechanistic studies on bacterial transcription initiation have used Escherichia coli (Eco) RNAP as a model. However, the properties of Eco RNAP are not necessarily representative of RNAPs from other bacterial species (Davis et al., 2015; Schroeder and deHaseth, 2005; Whipple and Sonenshein, 1992) . In contrast to Eco holo, which forms an essentially irreversible RPo Although the RbpA CD /b' interactions may modulate transcription initiation, such a role is not evident solely from examination of the structure. What is evident from the structure is that the RbpA/ RNAP interactions position the RbpA BL (residues 70-79) to interact with the DNA phosphate backbone just upstream of the À10 element ( Figure 1B ).
RbpA-R79 anchors the DNA upstream of the transcription bubble
In the Msm RbpA/TIC, absolutely conserved RbpA-R79 ( Figure 1 -figure supplement 1D) makes a close (2.2 Å ) polar interaction with the negatively charged phosphate between the À13 and À14 positions of the non-template strand (nt-strand) DNA ( Figure 1B , Figure 1 -figure supplement 1B), explaining previous findings that RbpA-R79 was important for the ability of RbpA to increase the overall affinity of mycobacterial holo to promoter DNA and for normal RbpA function in vivo (Hubin et al., 2015) . The 10-residue mycobacterial RbpA BL harbors four positively charged residues (K73, K74, K76, R79; Figure 1 -figure supplement 1D). In addition to the R79/-13 nt-strand DNA phosphate interaction, RbpA-K74 and K76 are also positioned to make long-range electrostatic interactions (5.4 and 5.5 Å , respectively) with the t-strand DNA phosphates between the À18/-19 and À17/-18 positions, respectively (Figure 1B The RbpA-R79/DNA interaction is critical for RbpA in vitro function
To better understand the roles of the RbpA structural elements in transcription activation, we generated a series of RbpA N-terminal truncations, sequentially deleting the NTT (RbpA CD-BL-SID ) and the CD (RbpA BL-SID ; Figure 2A ) and tested their function in abortive initiation assays along with RbpA R79A ( Figure 2B , Figure 2 -figure supplement 1). To expand upon previous in vitro studies (Davis et al., 2015; Hubin et al., 2015; Rammohan et al., 2016 Rammohan et al., , 2015 Srivastava et al., 2013 ), we used s A , RbpA and CarD from Mtb/M. bovis (the Mtb and M. bovis factors are identical in sequence;
Supplementary file 1) with recombinant M. bovis (Mbo) RNAP (99.9% identical in sequence to Mtb RNAP; Supplementary file 1; Czyz et al., 2014) . We examined two previously characterized Mtb promoters: the vapB10p antitoxin promoter (VapB; Cortes et al., 2013 ) and the rrnAP3 promoter (AP3; Figure 2 -figure supplement 1A; Gonzalez-y-Merchand et al., 1996) . ChIP-Seq studies in Msm indicated that CarD was present at essentially all promoters throughout the genome (Srivastava et al., 2013) , suggesting that CarD and RbpA likely function together. We therefore performed these assays with and without CarD. On VapB without CarD, RbpA and RbpA CD-BL-SID activated transcription~2 fold ( Figure 2B , columns 2-3), suggesting the RbpA NTT does not play a role in activation on this promoter. RbpA BL-SID activated~3 fold (column 4), while RbpA R79A showed no activation (column 5), suggesting that the BL interaction with DNA is primarily responsible for activation ( Figure 1B) . CarD alone increased transcription 3-fold over holo (column 6), but the addition of RbpA increased activation to more than 6-fold (column 7), suggesting the activators work together. The RbpA mutants displayed similar effects without CarD, with the exception that RbpA R79A with CarD repressed transcription compared to CarD alone (column 10). On AP3 without CarD, RbpA and derivatives behaved similarly as on VapB, but the repressive effect of RbpA R79A was noticeable in the absence of CarD ( Figure 2B , column 14). With CarD, RbpA had little or no additional effect (columns 15-19) . Like most promoters in Mtb, VapB lacks a À35 element (Cortes et al., 2013) , while AP3 harbors a nearly consensus À35 element (Figure 2-figure supplement 1A). We hypothesized that RbpA may show increased potency on promoters lacking a (VapB, AP3, AP3 anti-35 , denoted at the top) with or without CarD. The transcription activity for each promoter was normalized with respect to holo activity on that promoter (holo alone on each promoter was normalized to a value of 1, as shown in lane 1). The error bars denote the standard error from a minimum of three experiments. (C) Promoter complex lifetimes measured by abortive initiation on the AP3 promoter. In the top panel, [ 32 P]-labeled abortive transcript production at times after addition of a large excess of competitor promoter trap DNA (Davis et al., 2015) was monitored by polyacrylamide gel electrophoresis and autoradiography. On the bottom, transcript production was quantified by phosphorimagery and plotted. The lines indicate single-exponential decay curves fit to the data points. The calculated decay half-lives (t 1/2 ) are shown to the right of the gel images. (D) Structural model showing the Msm RbpA/TIC (color coded as in Figure 1 ) along with CarD (red), superimposed by aligning the thermus CarD/RPo structure (PDB ID 4XLR; (Bae et al., 2015a) . DOI: 10.7554/eLife.22520.004
The following figure supplement is available for figure 2: greater than multiplicative effect on transcription activation ( Figure 2B , compare columns 20 and 24 to 25), suggesting the absence of a À35 element accentuates the RbpA/CarD cooperative effect. In summary, we found that in vitro: (1) Deletion of the RbpA NTT-CD was not deleterious to RbpA activation function, and (2) RbpA-R79 was required for activation function. These results suggest the RbpA BL-SID provides the critical contacts for transcription activation and imply that the role of the SID is to localize the BL to contact the DNA. Mycobacterial RNAP forms unstable RPo compared to Eco when compared on the same promoters, and the main function of CarD appears to be to stabilize RPo (Bae et al., 2015a; Davis et al., 2015; Rammohan et al., 2015) . We examined the role of RbpA in stabilizing RPo (with and without CarD) with promoter lifetime assays on AP3 (Davis et al., 2015) . RbpA on its own had little to no impact on the RPo half-life (t 1/2 ), but the combination of RbpA with CarD had a strongly cooperative effect, extending t 1/2 more than 2-fold compared to CarD alone ( Figure 2C ). With CarD, RbpA CD-BL-SID had a similar effect as RbpA, while RbpA BL-SID extended t 1/2 to an even greater extent than RbpA. On the other hand, RbpA R79A shortened t 1/2 significantly below CarD alone, consistent with our findings suggesting that the RbpA CD has a negative effect on transcription.
Our results (Figure 2) indicate that RbpA and CarD function cooperatively, in agreement with recent studies of Rammohan et al. (2016) . To evaluate whether occupancy of the TIC by RbpA and CarD simultaneously was structurally feasible, we placed CarD in the context of the Msm RbpA/TIC by superimposing corresponding Ca coordinates of the thermus CarD/RPo structure (PDB ID 4XLR; Bae et al., 2015a) . While CarD and RbpA interact with the promoter DNA at or near the upstream part of the À10 element, they do so from opposite sides of the DNA ( Figure 2D ) without any steric clash.
RPo formation by mycobacterial RNAP requires three steps
Formation of RPo is a multi-step process (Saecker et al., 2011) . A sequential mechanism involving at least three steps has been proposed for Eco s 70 -holo based on several decades of studies using the lacUV5 (Buc and McClure, 1985) , lP R (Roe et al., 1985; Saecker et al., 2011) , T7A1 (Sclavi et al., 2005) , and rrnB P1 (Rutherford et al., 2009 ) promoters:
In Equation 1, R and P represent free RNAP holo and promoter DNA, respectively, and RPo is the final, transcription-competent open complex. RP1 and RP2 represent kinetically-significant intermediates along the pathway of RPo formation. It is thought that RPo formation at most promoters involves similar intermediates, but the significance of different intermediates in each case is dictated by the promoter sequence (Saecker et al., 2011) . This pathway (Equation 1) has been studied using mostly approaches that require the RPo reactions to be halted, then probed after the fact Saecker et al., 2003) .
Does Equation 1 describe RPo formation by mycobacterial RNAP? We monitored the kinetic steps of RPo formation by mycobacterial RNAP, and the effects of RbpA and CarD on those steps, using a real-time fluorescence assay first reported by Ko and Heyduk (2014) . In this relatively nonperturbing assay, the fluorescence of a Cy3 fluorophore attached to the promoter DNA at the ntstrand +2 position is monitored as RPo formation takes place (Ko and Heyduk, 2014; Rammohan et al., 2015 Rammohan et al., , 2016 (Figure 3-figure supplement 1A) . Detecting forward progress in this assay does not depend on the use of competitors, such as heparin. Because interactions between the +2 position of the promoter and RNAP undergo dramatic changes as RPo forms, the environmentally sensitive Cy3 fluorophore (Aramendia et al., 1994; Toutchkine et al., 2003) is well suited to report on the formation of intermediates in the pathway (Ko and Heyduk, 2014; Rammohan et al., 2015 Rammohan et al., , 2016 .
Changes in fluorescence as a function of time were monitored after rapid mixing of the Cy3-AP3 promoter construct (Cy3-AP3; Qualitative analysis of kinetic data for the AP3 promoter Figure 3B ). These data indicate that Eco RNAP converts all of the Cy3-AP3 to RPo in an essentially irreversible reaction, whereas Mbo RPo manifests profound reversibility (Davis et al., 2015) ; Mbo RPo coexists with R, P, and intermediates at equilibrium (Equation 1). Quantitative analysis of kinetic data for the AP3 promoter
We analyzed the fluorescence progress curves ( Figure 3A -C, Figure 3 -figure supplement 1B-C) by globally fitting the data for each concentration series collected on a given day to a kinetic mechanism (Johnson et al., 2009b (Johnson et al., , 2009a . We assumed that the different RNAPs (Eco or Mbo) or presence of the factors determined the rate constants associated with the mechanism, but did not alter the basic mechanism. Based on previous analyses (Buc and McClure, 1985; Roe et al., 1985; Rutherford et al., 2009; Saecker et al., 2011; Sclavi et al., 2005) , we considered sequential (linear) kinetic schemes (Appendix). The three-step sequential model best accounted for all of the kinetic data (Supplementary file 4, Appendix), consistent with previous work with Eco RNAP. We can make several observations regarding the validity of our approach and some proposals based on the resulting estimates of the kinetic parameters (Supplementary file 4):
1. The promoter half-lives calculated using the fitted kinetic parameters (Supplementary file 4; Tsodikov and Record, 1999 ) match the experimentally determined values ( Figure 2C , Supplementary file 4), providing very strong support for the kinetic analysis. The following figure supplement is available for figure 3:
Figure supplement 1. Cy3 promoters, association and dissociation data, activation energies, and 2-AP promoter. DOI: 10.7554/eLife.22520.007
2. Structural analysis indicates that RbpA and CarD would be unlikely to influence the Cy3 fluorescence in any of the RNAP/DNA-bound states, and the fluorescence scale factors describing the contribution of each fluorescent species to the total signal (a, b, c, d) refine to similar values for all of the samples (Supplementary file 4) . Thus, these values may be physically meaningful. The scale factor for P ('a') refines to the lowest value (~0.27 ± 0.02) where the fluorophore would be the most solvent exposed and would be expected to have the lowest fluorescence intensity. The scale factor for RP1 ('b') refines to an intermediate value (~0.45 ± 0.06), suggesting the fluorophore environment is more proteinacous but is still relatively solvent exposed. The scale factors for RP2 ('c') and RPo ('d') refine to the highest values (~1.2 ± 0.04,~1.2 ± 0.02, respectively) suggesting that in these states, the fluorophore is relatively shielded from solvent (i.e. inside the RNAP active site cleft). 3. In addition to a, b, c, d, the value of k 3 also refined to similar values across all of the samples (the standard deviation of the average value across all of the samples is only 26%; Supplementary file 4). This rate may not be strongly influenced by the identity of the holo (Eco or Mbo) nor by the presence of RbpA and/or CarD, suggesting that k 3 may be primarily influenced by the properties of the DNA. 4. For the two most active samples (Eco holo and Mbo holo+RbpA+CarD), k 1 refines to a maximum value of 1.2 Â 10 8 M À1 s À1 , suggesting the possibility that the forward rate for these bimolecular reactions may be diffusion limited. If this is the case, it suggests that the formation of RP1 does not require large conformational changes in the RNAP or the DNA.
For Mbo holo and Mbo holo+RbpA, the short RPo half-lives ( Figure 2C ) made it feasible to monitor RPo dissociation using the fluorescence assay ( Figure 3 -figure supplement 1D-E). The observed dissociation rates were consistent with the RPo t 1/2 measured by abortive initiation ( Figure 2C ) and calculated from the fitted kinetic constants (Supplementary file 4) .
Although these observations all point to the veracity of our kinetic analysis, some of the fitted parameters were not well constrained (Johnson et al., 2009b) . We imposed additional constraints on the data to reduce the degrees of freedom for the fitted parameters. The details of the fitting and validation procedures are described in the Appendix. With these additional constraints, the fits for the parameters were well constrained with the exception of k 1 for Mbo holo+RbpA+CarD (Appendix). The final kinetic parameters ( RbpA and CarD cooperate to affect two distinct steps of RPo formation on the AP3 promoter The schematic energy profiles for RPo formation ( Figure 3F ) help illustrate the following conclusions from our analysis on AP3:
1. The addition of RbpA alone to Mbo holo has a moderate effect on the kinetic parameters, lowering the energy barrier for the RP1 -> RP2 transition (increasing k 2~4 fold), consistent with the small effect of RbpA on transcription activity ( Figure 2B ). 2. The addition of CarD alone also lowers the energy barrier for the RP1 -> RP2 transition (increasing k 2~1 0 fold). 3. The effect of RbpA and CarD together on increasing both the rate of formation and the final amount of Mbo RPo (compared to Mbo holo alone) can be understood by considering fluxes into and out of the intermediate RP2. RbpA and CarD together have a cooperative effect on the RP1 -> RP2 transition, increasing k 2~2 5 fold, but have little effect on k -2 , increasing K 2 more than 20-fold ( Table 1) . The factors have little influence on k 3 , so the net effect is a burst of RP2 in the presence of RbpA and CarD that drives the formation of RPo by mass action ( Figure 3G ). 4. Once formed, RPo is stabilized by CarD (decreasing k -3~6 fold). RbpA has no detectable effect on k -3 at AP3. However, when RbpA and CarD are present together, k -3 is reduced~11 fold. 5. The main difference between Eco and Mbo holos is the very large energy barrier for the conversion of RPo -> RP2 for Eco holo ( Figure 3 -figure supplement 1F). This accounts for the essentially irreversible RPo formed by Eco holo compared to the relatively unstable RPo of Mbo holo observed here and in other studies (Davis et al., 2015) . 6. The rate of formation of RP2 (k 2 ) for Mbo holo+RbpA+CarD is nearly an order of magnitude higher than that of Eco holo (9.2 s À1 vs 1.2 s À1 , respectively, Table 1 ), indicating that the strong activity of Eco holo is attributable almost totally to its very stable RPo (very small k -3 ). Table 1 . Constrained kinetic parameters on the Mtb AP3 promoter. The fluorescence progress curves ( Figure 3A -C, Figure 3 -figure supplement 1B-C) were fit according to the 3-step sequential kinetic scheme: § The values for K 1 , K 2 , and K 3 were calculated from the fitted parameters:
The value for k d , the dissociation rate for RPo, was calculated using equation (17) of Tsodikov and Record (1999) :
The value for t 1/2 was calculated as t 1/2 = ln(2)/k d .
**The experimental half-life (t 1/2 exp ) was determined from promoter lifetime experiments ( Figure 2C ).
DOI: 10.7554/eLife.22520.008
DNA opening (RP2 -> RPo) and closing (RPo -> RP2) steps are ratelimiting at the AP3 promoter Analysis of the activation energies required to traverse the transition states for each kinetic step indicates that for all of the samples on the AP3 promoter, the rate-limiting step (the highest activation energy) in the forward direction is the conversion of RP2 -> RPo, while the same step is rate-limiting in the reverse direction (RPo -> RP2; Figure 3 -figure supplement 1F). Consistent with previous analyses, we hypothesized that this rate-limiting step in the forward direction corresponds to the formation of the full transcription bubble (Saecker et al., 2011) . We tested this hypothesis by monitoring the time-dependent fluorescence from an AP3 promoter derivative harboring 2-aminopurine (2-AP) at the t-strand +2 position ( Figure 3 -figure supplement 1G) during RPo formation. 2-AP forms a Watson-Crick base pair with thymine in the context of normal B-form DNA (Nordlund et al., 1989) . 2-AP fluorescence is strongly quenched by stacking interactions with neighboring bases, such as in the context of duplex DNA (Jean and Hall, 2001; Ward et al., 1969) , making 2-AP an excellent probe for transcription bubble formation (Lim et al., 2001; Roy, 2003) . Available data suggest that transcription bubble formation initiates within the À10 element then propagates downstream (Chen and Helmann, 1997; Heyduk et al., 2006; Lim et al., 2001 ). We placed 2-AP at the very downstream edge of the transcription bubble so that an increase of 2-AP fluorescence signals full transcription bubble formation, directly preceding or concurrent with RPo formation. An increase of 2-AP AP3 fluorescence was observed upon the addition of Mbo holo ( Figure 3D ). We fit the data to a single-exponential to obtain an apparent rate constant, k app exp = 0.030 s
À1
( Figure 3D ), nearly identical to the rate of RPo formation simulated from the independently determined kinetic parameters (Table 1; Figure 3E ; k app sim = 0.034 s À1 ), suggesting that the rate-limiting RP2 -> RPo transition involves the formation of the full transcription bubble.
The À35-less VapB promoter has a very slow RP1 -> RP2 transition that is rescued by RbpA
It has been noted that RbpA has a more potent effect on transcription of the Mtb VapB promoter than on AP3 (Hubin et al., 2015) . In our assays this is most notable with CarD ( Figure 2B ). In order to probe the effects of RbpA and RbpA truncations on transcription in more detail, we generated the Cy3-VapB promoter fragment (Figure 3-figure supplement 1A) and monitored RPo formation with the fluorescence assay (Supplementary file 5). Although both AP3 and VapB are bona fide Mtb promoters, VapB is more typical in that it lacks recognizable elements upstream of the À10 element (Cortes et al., 2013) . Mbo holo forms RPo on VapB about 10 times more slowly than on AP3 ( Figure 4A ). The VapB kinetic data were also best fit by the sequential three-step model (Equation 1). When comparing Mbo holo, Mbo holo+RbpA, and Eco holo on the two promoters, the consistently significant difference in the kinetic parameters is that the RP1 -> RP2 transition (k 2 ) is much slower on VapB; the VapB k 2 is 7-fold (Mbo holo+RbpA), 47-fold (Mbo holo alone), or 230-fold (Eco holo) smaller than the AP3 k 2 (Supplementary file 6; Figure 4B ). Like on AP3 (Table 1; Figure 3F ), RbpA targets the RP1 -> RP2 transition, increasing k 2 on VapB by more than 20-fold (Supplementary file 6; Figure 4C ).
Full-length RbpA is essential for normal growth of Msm
The increased in vitro activity of RbpA SID-BL ( Figure 2B -C) led us to investigate whether the NTT and CD were required for the essential functions of RbpA in vivo. We constructed an Msm strain in which the rbpA gene could be efficiently swapped by allelic exchange. As rbpA was previously shown to be essential in mycobacteria (Bortoluzzi et al., 2013; Forti et al., 2011; Sassetti et al., 2003) , we generated a DrbpA allele in a strain carrying a second copy of rbpA integrated at the attB chromosomal site conferring streptomycin resistance (MGM6228), which can be efficiently swapped for rbpA alleles on an attB integrating plasmid conferring kanamycin resistance. In accordance with the essential role of rbpA, swapping a vector control plasmid for rbpA yielded no transformants, in contrast to efficient marker exchange seen with full length RbpA. We next tested rbpA mutant alleles encoding the RbpA derivatives tested in vitro ( Figure 2A Figure 5A ). We scored nucleoid morphology as either condensed or diffuse in RbpA WT (n = 208) and RbpA BL-SID (n = 248) and observed that condensed nucleoids were present in 2.4% of RbpA WT cells, whereas 25% of RbpA BL-SID nucleoids were condensed ( Figure 5A ). RbpA R79A cells, despite their similarly slow growth rate, did not display in RNA level compared to WT (adjusted p<0.01) with a fold change of >2 (log 2 FC of >1 or <-1). The genes are classified by color according to their expression pattern as follows: orange (overexpressed in both strains), green (underexpressed in both strains), yellow (overexpressed in BL-SID but not CD-BL-SID), pink (underexpressed in BL-SID but not CD-BL-SID), red (overexpressed in CD-BL-SID but not BL-SID), cyan (underexpressed in CD-BL-SID but not BL-SID). Points with dark outline indicate genes in which the difference in fold change between the two strains is two fold or greater. The single dark blue and purple points represent genes in which the difference between strains is >2 fold but in opposite direction. See Supplementary file 7 for gene lists corresponding to each color class. DOI: 10.7554/eLife.22520.010
morphologic changes compared to WT (data not shown). These findings indicate that, although the essential in vivo function of RbpA can be supplied without the NTT-CD, loss of the CD confers a pleiotropic phenotype of impaired viability and aberrant cell division, likely indicating broad effects on transcription. Figure 5C ). These results clearly indicate that the NTT is functional in vivo and may be required for regulation of specific promoters. The RbpA SID-BL strain had an even more globally perturbed pattern of gene expression (
Differential effects of RbpA domains on gene expression in vivo
Figure 5B-C), consistent with its pleiotropic phenotype ( Figure 5A ). Comparison between the strains indicated a core set of genes either up or downregulated by both RbpA alleles (
Figure 5B-C; orange and green points, Supplementary file 7). Taken together, these data define distinct in vivo transcriptional functions for the NTT and CD, as well as a core set of genes that are dysregulated when either the NTT or CD is lost.
Discussion
CarD and RbpA are key components of mycobacterial TICs. CarD is found at almost all s A promoters in vivo (Srivastava et al., 2013) , and available evidence points to RbpA being present at all s A promoters as well. Both factors are essential in the major human pathogen Mtb. Our previous analyses of a thermus CarD/TIC showed that CarD stabilizes RPo by the conserved Trp wedging mechanism (Bae et al., 2015a; Davis et al., 2015; Srivastava et al., 2013) . Here, we used in vitro and in vivo analyses to examine the mechanism for RbpA and determine how RbpA and CarD function together.
Structure
The Msm RbpA/TIC structure reveals that RbpA participates in a complex network of interactions ( Figure 1) . The RbpA CD interacts with the b'zipper, which interacts with s A 3 , both of which contact promoter DNA ( Figure 1B) . The RbpA CD also interacts with the ZBD, which interacts with s 
Pathway of RPo formation
We adapted a previously developed fluorescence assay (Ko and Heyduk, 2014; Rammohan et al., 2015) to monitor the kinetics of RPo formation and to reveal the steps that RbpA and CarD target to stimulate RPo formation ( Figures 3F and 4D) . The assay is real-time, relatively non-perturbing (Ko and Heyduk, 2014) , and highly versatile; it can be used to study the initiation process on virtually any promoter with any bacterial holo, and can be used to study the mechanistic details of extrinsic factors and small molecules that modulate bacterial transcription initiation, which have been estimated to number in the hundreds (Ishihama, 2000) . The kinetic mechanism of RPo formation by Eco holo has been extensively studied on four different promoters (Buc and McClure, 1985; Rogozina et al., 2009; Rutherford et al., 2009; Saecker et al., 2011; Sclavi et al., 2005) . In each case, a sequential, three-step kinetic mechanism has been proposed (Equation 1), and this mechanism best explains the kinetic data for mycobacterial RNAP as well.
Crystal structures of the thermus and Eco RPo are available (Bae et al., 2015b; Zuo and Steitz, 2015) , but structural information for RP1 and RP2 is limited to footprinting (Saecker et al., 2011) .
These analyses have led to structural models of the kinetically significant intermediates schematized in Figure 6A . It is useful to discuss our kinetic results in light of these models ( Figure 6A ) and explicit structural models of the Msm TIC containing RbpA and CarD ( Figure 6B ).
RP1
Footprinting of the first intermediate (called RP1 here) on several promoters indicates that the DNA is 'closed' (no KMnO 4 reactivity) and has not entered the active site cleft (Cowing et al., 1989; Kovacic, 1987; Rogozina et al., 2009; Rutherford et al., 2009; Schickor et al., 1990; Sclavi et al., 2005) , leading to models like the one shown for RP1 ( Figure 6A) and the promoter DNA (t-strand, dark blue; nt-strand, blue). RP1 and RP2 represent hypothetical models (Saecker et al., 2011) . Crystal structures of RPo are available (Bae et al., 2015b; Zuo and Steitz, 2015) . The important functional interaction of RbpA and CarD with the promoter DNA are schematically illustrated (RbpA, purple dot; CarD, red dot), based on the Msm RbpA/TIC structure ( Figure 1) . (B) Explicit structural models of the Msm RbpA/CarD/TIC with promoter DNA modeled as in the hypothetical models in (A). The RNAP is shown as a transparent molecular surface (color-coded as in Figure 1 ). RbpA and the modeled CarD ( Figure 2D ) are shown as transparent molecular surfaces with the backbone ribbon also shown. The À35 and À10 elements are colored yellow. DOI: 10.7554/eLife.22520.011
suggesting that sequence-specific readout of the of the À35 element by s 4 occurs in subsequent steps . The À10 element sequence is recognized only in its single-stranded form (Feklistov and Darst (2011) , but RP1 DNA is closed. How is initial promoter recognition achieved if DNA sequence-specific interactions upstream of the À10 element are not critical for formation of RP1? Non-sequencespecific protein/DNA interactions presumably orient holo with respect to the duplex DNA in a way that promotes subsequent steps leading to RPo formation. In particular, we suggest that in RP1, an important component of promoter recognition by holo may be mediated through distinct conformational characteristics of promoter DNA (Feklistov, 2013) . Indeed, the chemical probe 1,10-phenanthroline copper reacts uniquely with the À10 element region of several promoters in the absence of any proteins, indicating special conformational characteristics (Spassky et al., 1988; Spassky and Sigman, 1985) .
While Rammohan et al. (2015) suggested that CarD destabilizes an initial, RPc-like complex on AP3, we find that CarD has no effect on the stability of RP1 and stabilizes both RP2 and RPo ( Figure 3F) . We suggest that their proposal is inconsistent with our results due the following: The inherent difficulty of trying to deduce mechanisms from multi-exponential fits to the data, working at non-saturating concentrations of CarD where mixed populations of CarD bound and unbound species without distinct fluorescent signals exist, and finally interpreting these results within the framework of a two-step kinetic mechanism instead of the three-step mechanism shown here to be necessary to account for the data (Appendix). This latter simplification can lead to erroneous interpretations (Tsodikov and Record, 1999) . Our analysis yielded estimates for the forward and reverse rate constants for the three kinetic steps ( Table 1) . The promoter half-lives calculated from these rate constants on the AP3 promoter matched the independently, experimentally determined values ( Figure 2C, Supplementary file 4) , supporting the validity of our approach.
RP2
The conversion of RP1 to the next significant intermediate extends protection of DNA from cleavage reagents further downstream to +10 and beyond (Rutherford et al., 2009; Saecker et al., 2011; Sclavi et al., 2005) . Models for this intermediate posit a sharp bend of the DNA at the À10 element (RP2, Figure 6A ), positioning the downstream duplex DNA across the entrance to the RNAP active site cleft (Saecker et al., 2011) . While this intermediate appears closed on some promoters (Rutherford et al., 2009; Saecker et al., 2011) , partial transcription bubble formation has been observed on T7A1 (Rogozina et al., 2009) . Limited transcription bubble formation could be hidden from KMnO 4 footprinting because of interactions of unstacked bases with the RNAP (Bae et al., 2015b) , and current models suggest that at least one base (the highly conserved À11A of the À10 element nt-strand; Feklistov and Darst, 2011 ) is flipped out of the DNA duplex in this intermediate, facilitating the kink in the DNA (Saecker et al., 2011; Werel et al., 1991) ; Figure 6A ).
While the À35 element does not appear to be important for the formation of RP1, it is very important for the progression of RP1 to RP2. Indeed the most striking kinetic difference between VapB (lacking a À35 element) and AP3 (with a À35 element) is in the RP1 -> RP2 transition (k 2 , k -2 , K 2 ; Supplementary file 6): the VapB k 2 is reduced nearly 50-fold (Mbo holo) and 230-fold (Eco holo) compared to AP3. The simple interpretation of these large effects is that DNA sequence-specific, s 4 /À35 element interactions are established as RP2 forms, providing part of the favorable binding free energy to drive the RP1 -> RP2 transition. Previous work has shown that stabilizing upstream s 4 /DNA interactions can stimulate isomerization to RPo (Dove et al., 2000) .
Interactions upstream of the À10 element may play a key structural role in facilitating the À11/-12 kink in the DNA (Figure 6 ) by anchoring the lateral position of RNAP on the promoter DNA and/ or by constraining the twist of the DNA. These upstream interactions may effectively position the À10 element with respect to the pocket on s A 2 that captures the flipped out À11A (Feklistov and Darst, 2011) . On both AP3 and VapB, RbpA affects only k 2 , with the largest effect on VapB (Table 1; Supplementary file 8; Figures 3F and 4D) , suggesting that the interaction of RbpA-R79 with the ntstrand À13 phosphate ( Figure 1B ) fulfills this anchoring role when s 4 /À35 element interactions cannot form. We note the majority of Mtb promoters appear to lack a À35 region (Cortes et al., 2013) , suggesting why, in part, RpbA is required for cell viability.
In the case of Mbo holo on AP3, CarD alone stimulates k 2~1 0 fold. In the model of RP1, the position of the CarD-CTD clashes with duplex DNA ( Figure 6A ; Srivastava et al., 2013; Bae et al., 2015a) . Favorable interactions of the CarD-CTD with promoter DNA require widening of the minor groove at the upstream edge of the À10 element (from about À14 to À10), which is coupled with initial opening of the À10 element (Bae et al., 2015a ) and bending of the DNA, sending it towards the active site channel ( Figure 6B ). While flexibility between the CarD-RID (interacting with the RNAP b-lobe 1) and the CarD-CTD (Gulten and Sacchettini, 2013) combined with RNAP clamp opening may alleviate any clash in RP1, the RP1 model illustrates how the favored position of the CarD-CTD could drive RP2 formation by stabilizing the initial formation of the upstream duplex/single stranded junction ( Figure 6B) .
The 2-AP experiments ( Figure 3D-E) indicate that opening of the downstream edge of the transcription bubble does not occur at a rate comparable to the formation of RP2 but at the slower rate of RPo formation. We conclude that Mbo holo on AP3 forms the transcription bubble in a two-stage process, with initial opening of the À10 element in RP2. Further downstream opening then creates the transcription bubble in RPo (Figure 6 ).
CarD and RbpA together have a cooperative effect on the RP1 -> RP2 transition, and both factors interact with the promoter DNA at or near the upstream edge of the À10 element ( Figures 2D and  6B) . A CarD/RbpA protein/protein interaction in the context of the TIC could explain this cooperativity, but this seems unlikely on the basis of the structural modeling ( Figure 2D ). The RbpA NTT is not accounted for in our structure, but deletion of the NTT (and the NTT-CD) does not abrogate the CarD/RbpA cooperativity ( Figure 2B ). Rather, RbpA and CarD affect the same step (RP1 -> RP2 transition), but do so non-competitively and in different ways. In this scheme, initial opening of the À10 element and DNA bending are coupled. Through its anchoring role, RbpA stimulates formation of RP2 through facilitating bending, which is coupled with initial opening of the À10 element, facilitating CarD function. Through its wedging role, CarD stabilizes the initial À10 opening, which is coupled to bending, facilitating RbpA function.
RPo
The RP2 -> RPo transition opens the DNA duplex downstream to the start site ( Figure 3D ) and loads the t-strand DNA into the RNAP active site ( Figure 6C ). The step involving full transcription bubble formation on lP R is rate-limiting in the forward direction, and the same step is rate-limiting in the reverse direction (Saecker et al., 2011) . On rrnB P1, stabilization of the full transcription bubble requires ATP and CTP, the first two nucleotides of the transcript (Rutherford et al., 2009 ), indicating that expansion of the transcription bubble downstream to the start site is energetically difficult in this case as well. On AP3, opening of the full transcription bubble occurs during the RP2 -> RPo transition ( Figure 3D -E), and this transition is rate-limiting in both directions (Figure 3 -figure supplement 1F).
RbpA function in vivo
Our analyses of RbpA function in vivo confirm that RbpA, like CarD, is essential for viability. Loss of the NTT or NTT-CD, despite relatively minor biochemical effects in vitro on the tested promoters (Figures 2B-C and 4C-D; Supplementary file 8), has clear effects on gene expression in vivo ( Figure 5B-C) . Although all of these effects cannot be attributed directly to RbpA function at present, some of the changes are likely direct effects of the RbpA truncations at specific promoters. Similarly, we detected a core set of genes that are dysregulated in both RbpA alleles, suggesting that some of these may be direct RbpA targets, raising the possibility that the truncated RbpA segments may interact with additional, as yet unidentified, transcription regulators. In our in vitro analyses, RbpA R79A by itself appeared to have lost all RbpA function in activating transcription and counteracted the activity of CarD when both factors were present ( Figure 2B , Supplementary file 8). Therefore, our finding that RbpA R79A supported viability was surprising.
However, our results clearly show that the in vivo role of RbpA is very complex (Figure 5) , and in this work we have only examined two bona fide mycobacterial promoters, AP3 and VapB. It seems likely that other promoters are regulated by RbpA R79A in vivo, possibly through the action of additional conserved basic residues on the BL such as K76 (Figure 1-figure supplement 1D ). Motif searches, direct assays of RbpA genome wide promoter binding, and identification of potential protein binding partners will be needed to begin to unravel the specific RbpA regulated gene sets and/or interaction partners that mediate its essential function in vivo and the rules that may determine the differential effects of RbpA at specific promoters.
Conclusions
The work presented here provides an unprecedented structural framework for understanding mycobacterial transcription. With our in vitro functional analysis and in combination with our previous analyses of CarD structure and function (Bae et al., 2015a; Davis et al., 2015; Srivastava et al., 2013) , we propose the following model ( Figure 6B ): RbpA-R79 interaction with duplex DNA upstream of the À10 provides an anchoring role that facilitates the bending (RP2) and subsequent formation of the full transcription bubble (RPo). Initial distortions of the DNA in RP2 are compatible with CarD to wedge its conserved Trp residue into the splayed minor groove, which not only contributes to formation of the RP2 intermediate, but also serves as a barrier for bubble collapse once RPo has formed. Our in vivo analyses point to a complex role for the various structural elements of RbpA in promoter specific regulation and possible interactions with additional factors. The role of RbpA in facilitating the formation of RP2 is particularly important at promoters lacking sequence elements upstream of the À10 element, which represents the majority of Mtb promoters (Cortes et al., 2013) , possibly explaining why RbpA is essential and spotlighting the importance of studying a diversity of organisms in efforts to characterize 'conserved' processes such as transcription.
Materials and methods
Standard procedures were used to manipulate recombinant DNA and to transform Eco. Msm strains were derivatives of mc 2 155 (Snapper et al., 1990) . Msm was transformed by electroporation (2500 V, 2.5 mF, 1000 W). All Msm strains were cultured in Lbsmeg (LB with 0.5% glycerol, 0.5% dextrose, and 0.05% Tween 80 ). Antibiotic concentrations used for selection of Msm strains were as follows: kanamycin 20 mg/ml, hygromycin 50 mg/ml, streptomycin 20 mg/ml. All Msm strains, plasmids with relevant features, and primers used in generating the Msm strains are listed in Supplementary files 9 and 10.
Protein expression and purification Msm RbpA/s A Msm pET-SUMO s A (received from C. Stallings) and pet21C-RbpA (cloned from Msm mc2155 genomic DNA) were co-transformed into BL21(DE3) Eco cells. Protein expression was induced at 30˚C for 3 hr with 0.5 mM IPTG at O.D. 600nm = 0.6 and purified by Ni 2+ -affinity chromatography (HiTrap IMAC HP, GE Healthcare Life Sciences, Pittsburgh, PA) as described (Hubin et al., 2015) . Following elution, the complex was dialyzed overnight into 20 mM Tris-HCl, pH 8, 0.5 M NaCl, 5 mM imidazole, 5% (v/v) glycerol, 0.5 mM b-mercaptoethanol, and the His 10 -SUMO tag was cleaved by incubation with ULP1 protease overnight at a ratio of 1/25 (ULP1 mass/cleavage target mass). The cleaved complex was loaded onto a second Ni 2+ -affinity column and was retrieved from the flow-through and low-imidazole washes. The complex was loaded directly on a size exclusion column (SuperDex-200 16/16, GE Healthcare Life Sciences) equilibrated with 20 mM Tris-HCl, pH 8, 0.5 M NaCl, 5% glycerol (v/v), 1 mM DTT, 1 mM EDTA. The sample was concentrated to 15 mg/ml by centrifugal filtration and stored at À80˚C.
Msm RNAP -rpoC-ppx-His 10 construction
To construct an Msm strain for endogenous RNAP purification, we inserted a PreScission Protease (ppx; GE Healthcare Life Sciences) and His 10 -tag (ppx-His 10 -tag) at the 3' end of the rpoC gene by single crossover integration of pAJF527, which carries 554 bp of the 3' end of rpoC fused to the ppx cleavage sequence (LEVLFQGP) and His 10 affinity tag. pAJF527 was transformed into MC2155 and transformants were selected with hygromycin. Transformants were screened for integration at rpoC by PCR amplification using primers that anneal to 79 bp upstream of the 3' flank (oAF799) and within the integrating vector downstream of the His 10 -tag (oAF021). RNAP b'-ppx-His 10 expression was confirmed by immunoblot using HisProbe (ThermoScientific Pierce, Waltham, MA), which detected a protein species at approximately 150 kDa. The resulting strain (MGM6029) showed no growth defects under standard laboratory conditions, indicating that the tagged RNAP b' subunit is functional (as it is the only copy in the cell).
Msm RNAP purification
Endogenous Msm RNAP was purified from the Msm mc2155 strain expressing a native chromosomal copy of rpoC with a C-terminal ppx-His 10 -tag. Msm cells were grown at the Bioexpression and Fermentation Facility at the University of Georgia. Cells were lysed by continuous flow French press (Avestin) in 50 mM Tris-HCl, pH 8, 1 mM EDTA, 5% (v/v) glycerol, 5 mM DTT, 1 mM protease inhibitor cocktail, 1 mM phenylmethylsulfonyl fluoride, and core RNAP was precipitated from the cleared lysate by polyethyleneimine (PEI) precipation (0.35%). The PEI pellet was washed four times with 10 mM Tris-HCl, pH 8, 0.5 M NaCl, 0.1 mM EDTA, 5 mM DTT, 5% (v/v) glycerol, then eluted four times with the same buffer but with 1 M NaCl. Protein was precipitated overnight with 35% (w/v) ammonium sulfate and resuspended in 20 mM pH 8, 5% (v/v) were expressed and purified as described (Davis et al., 2015; Hubin et al., 2015) . Mtb/Mbo RbpA truncations ( Figure 2A ; Hubin et al., 2015) were expressed in BL21(DE3) Eco cells from a pET-SUMO vector and purified using the same procedure as for RbpA. Data collection, structure determination, and refinement X-ray diffraction data were collected at the Argonne National Laboratory Advanced Photon Source (APS) NE-CAT beamline 24-ID-E. Structural biology software was accessed through the SBGrid consortium (Morin et al., 2013) . Data were integrated and scaled using HKL2000 (Otwinowski and Minor, 1997 ). An initial electron density map was calculated by molecular replacement using Phaser (McCoy et al., 2007 ) from a starting model generated from Thermus aquaticus RNAP holo (PDB ID 4XLP; Bae et al., 2015b) but with s Hubin et al., 2015) . One RbpA/TIC complex was clearly identified in the asymmetric unit. The model was first improved using rigid body refinement of 20 individual mobile domains using PHENIX (Adams et al., 2010 ). The resulting model was improved by iterative cycles of manual building with COOT (Emsley and Cowtan, 2004) and refinement with PHENIX (Adams et al., 2010) . The PDBePISA server (http://www.ebi.ac.uk/pdbe/pisa/) was used to calculate intermolecular buried surface areas.
Crystallization of Msm

In vitro transcription assays
In vitro abortive initiation transcription assays and promoter lifetime assays ( Figure 2) were performed at 37˚C as described (Davis et al., 2015) . AP3
anti-35 promoter was prepared using PCR amplification on a synthesized template (Integrated DNA Technologies). Assays with the AP3
anti-35 promoter were performed in KGlu assay buffer (10 mM Tris-HCl, pH 8.0, 100 mM K-glutamate, 10 mM MgCl 2 , 0.1 mM EDTA, 0.1 mM DTT, 50 mg/mL BSA). All other assays were performed in KCl assay buffer (10 mM Tris-HCl, pH 8.0, 50 mM KCl, 10 mM MgCl 2 , 0.1 mM EDTA, 0.1 mM DTT, 50 mg-/mL BSA). Mbo core (50 nM) was incubated with s A (250 nM) for 5 min at 37˚C to form holo and, when used, CarD and or RbpA or RbpA derivatives (all 2 mM) were added and incubated for an additional 5 min. DNA template (10 nM) was then added and incubated with the protein mixture for 15 min to form RPo. Abortive initiation assays were initiated on VapB with ApU dinucleotide primer (250 mM; Trilink Biotechnologies, San Diego, CA), [a-32 P]GTP (1.25 mCi; Perkin Elmer Life Sciences, Waltham, MA), and unlabeled GTP (50 mM; GE Healthcare Life Sciences). Abortive transcription for abortive initiation and promoter lifetime assays were initiated on AP3 with GpU dinucleotide primer (250 mM; Trilink Biotechnologies), [a-32 P]UTP (1.25 mCi; Perkin Elmer Life Sciences), and unlabeled UTP (50 mM; GE Healthcare Life Sciences). Competitor DNA for the promoter lifetime assays was full-con bubble promoter trap DNA (Figure 3 -figure supplement 1A from Davis et al., 2015) . Transcription products were visualized by polyacrylamide gel electrophoresis (23%) followed by phosphorimagery and quantitation using Image J.
Stopped-flow kinetics with Cy3-DNA Preparation of DNA. The annealed oligos were extended using Taq DNA polymerase with 20 cycles (30 s each) of heating to 95˚C, annealing at 48˚C, and extending at 72˚C. The resulting product was visualized on a non-denaturing 6% polyacrylamide gel stained with Gel Red (Biotium, Fremont, CA) to verify a single product, and then purified using PCR clean up (Qiagen, Hilden, Germany).
Cy3-VapB promoter DNA (Figure 3-figure supplement 1A ) was prepared as above but with the following starting synthetic oligos (Integrated DNA Technologies):
Cy3-VapB-DNA1:
Stopped-flow assays -forward kinetics
To monitor the kinetics of RPo formation, proteins (RNAP and transcription factors if present, see Supplementary files 3 and 5 for assay conditions) were loaded in one syringe of a stopped-flow instrument (AutoSF-120, KinTek Corporation, Snowshoe, PA) and Cy3-DNA was loaded into the other. After rapid mixing at 37˚C, the final solution conditions were 10 mM Tris-HCl, pH 8, 50 mM K-glutamate, 20 mM NaCl, 10 mM MgCl 2 , 1 mM DTT. Cy3 fluorescence emission was monitored in real time with a 586/20 single-band bandpass filter (Semrock, Rochester, NY) with excitation at 515 nM.
Stopped-flow assays -reverse kinetics
To monitor the kinetics of RPo dissociation for Mbo holo and Mbo holo+RbpA, RPo was preformed on Cy3-AP3 DNA by incubating at 37˚C for 30 min prior to loading into one syringe of the stoppedflow instrument. The other syringe was loaded with full-con bubble promoter trap DNA (Davis et al., 2015) . After rapid mixing at 37˚C, the final solution conditions were Mbo holo (250 nM), RbpA (when present, 5 mM), Cy3-AP3 DNA (1 nM), full-con bubble promoter trap DNA (1 mM). Cy3 fluorescence emission was monitored in real time as above. For each sample, three independent 'shots' were averaged together (Figure 3-figure supplement 1D-F) .
Stopped-flow assays with 2-AP-AP3 DNA
The 2-AP-AP3 (bottom strand) DNA (Figure 3-figure supplement 1G ) was obtained from Trilink Biotechnologies, 2-AP-AP3 (top strand) was obtained from Integrated DNA Technologies. The two synthetic oligos were annealed using the same procedure described above. To monitor the kinetics of RPo formation, Mbo holo was loaded in one syringe of the stopped-flow instrument, and 2-AP-AP3 DNA was loaded in the other. After rapid mixing at 37˚C, the final solution conditions were Mbo holo (250 nM), 2-AP-AP3 DNA (10 nM). The 2-AP fluorescence emission was monitored in real time with a 357/44 nm BrightLine single-band bandpass filter (Semrock) with excitation at 315 nm. The curve shown in Figure 3D was the result of averaging six 'shots'. Data analysis is described in the text and in the Appendix.
DrbpA construction
Gene deletion was made by homologous recombination and double negative selection (Barkan et al., 2011) . Briefly, approximately 500 bp upstream of the coding sequence and 500 bp downstream of the coding sequence of rbpA (MSmeg_3858) were cloned into the suicide plasmid pAJF067 containing a hygromycin cassette for positive selection of integration and two markers for negative selection, sacB and galK. After transformation of Msm with this plasmid, hygromycin resistant colonies resulting from a single crossover event were verified as intermediates by PCR. A merodiploid was then generated by adding a second copy of rbpA at attB(L5) by transformation with pAJF685 and subsequently a second crossover was selected to generate DrbpA by counterselecting on sucrose and 2-deoxygalactose containing agar media after passaging in the absence of hygromycin. Deletion mutants were verified by PCR. To assess if rbpA was essential, allele swapping was performed for the attB integrated copy of rbpA using marker exchange for either pMV306kn (empty vector), pAJF672 (encoding full length RbpA), pAJF679 (RbpA(28-114aa) or pAJF680 . No transformants were recovered from the empty vector control transformations, confirming the essentiality of rbpA.
RbpA growth curves
All growth curves were performed in LBsmeg (no antibiotics) at 37˚C. Triplicate cultures were grown overnight to mid logarithmic phase and then diluted back. After 15 hr of growth when cultures reached an OD600 of 0.1, measurements were taken every 2 hr until the cells reached an OD600 of 0.6. Doubling times were then calculated.
Microscopy
All images were acquired using a Zeiss (Oberkochen, Germany) Axio Observer Z1 microscope equipped with, Colibri.2 and Illuminator HXP 120 C light sources, a Hamamatsu (Hamamatsu, Japan) ORCA-Flash4.0 CMOS Camera and a Plan-Apochromat 100Â/1.4 oil DIC objective. Zeiss Zen software was used for acquisition and image export. The following filter sets and light sources were used for imaging: Hoechst 33342 (49 HE, HXP 120 C) and FM 4-64 (20, HXP 120 C). For cell staining 100 ml of culture was used. A final concentration of 1 mg/ml FM 4-64 (Invitrogen, Carlsbad, CA) and/ or 10 mg/ml Hoechst 33342 (Invitrogen) was added. Cells were collected by centrifugation at 5000 g for 1 min and resuspended in 50 ml of media. For time-lapse microscopy, cells were added to a 1.5% low melting point agarose PBS pad. Agarose was heated to 65˚C and poured into a 17 Â 28 mm geneframe (Thermoscientific, AB-0578) adhered to a 25 Â 75 mm glass slide. A second slide was pressed down on top and the set-up was allowed to cool at room temperature for 10 min. 2-3 ml of Msm culture was added to the pad and a No. 1.5 24 Â 40 mm coverglass was sealed to the geneframe.
RNA purification
Bacterial culture (50 mL) normalized to an OD 600 of 0.4 was cooled to 4˚C and harvested by centrifugation. Pellets were resuspended in RNALater (Invitrogen) and stored overnight at 4˚C. Pellets collected by centrifugation were washed in 1 ml of 10 mM Tris-HCl, pH 8.0. Pellets were then resuspended in 100 ml TE 80 with 1 mg/ml lysozyme and disrupted by bead beating with a FastPrep120 2 times at 5.0 m/s for 25 s. This lysate was used for RNA purification with a GeneJet RNA purification kit (Thermoscientific) following the manufacturer's protocol. RNA was eluted in 85 ml elution buffer and then treated with DNase I (Thermoscientific) for 30 min at 37˚C. GeneJet purification columns were used to clean RNA from DNaseI reactions.
RNA sequencing and data analysis
Sample libraries were prepared for RNA-seq using the Ribo-Zero Magnetic Bacterial kit (Epicentre, Madison, WI) in connection with TruSeq Stranded Total RNA kit (Illumina, San Diego, CA). Pairedend reads (10-20 Â 10 6 ) were obtained for each sample replicate on an Illumina HiSeq 2500. Postrun demultiplexing and adapter removal were performed and fastq files were inspected using fastqc (Andrews, 2010) . Trimmed fastq files were then aligned to the reference genome (M. smegmatis MC 2 155; NC_008596.1) using bwa mem . Bam files were sorted and merged using samtools ) and gene counts were obtained using featureCounts from the Bioconductor Rsubread package (Liao et al., 2014) . Differentially expressed genes were identified using the DESeq2 R package (Love et al., 2014) and subsequent analysis of gene expression was performed in R (Kolde, 2015; R Core Team, 2016) .
Accession numbers
The X-ray crystallographic coordinates and structure factor file have been deposited in the Protein Data Bank with accession ID 5TW1. The RNA-seq data have been deposited in the Gene Expression Omnibus (GEO) database with accession number GSE89773. The following previously published datasets were used: factors altered the rate constants associated with the mechanism, but did not alter the basic mechanism. Based on previous analyses (Buc and McClure, 1985; Roe et al., 1985; Rutherford et al., 2009; Saecker et al., 2011; Sclavi et al., 2005) , we considered only sequential (linear) kinetic schemes (1-step, 2-step, 3-step, 4-step; Appendix 1-figure 1).
For each sample, the software calculated rate constants, fluorescence scale factors (a, b, c, d, e; Appendix 1-figure 1), and c 2 /DOF (DOF = degress of freedom), a 'goodness of fit'
parameter. For a perfect fit to the data points, c 2 /DOF = 1. Based on the fitted kinetic constants, we calculated the theoretical RPo t 1/2 (Tsodikov and Record, 1999) for comparison with the experimental values ( Figure 2C ):
where t 1/2 = ln(2)/k d .
For each sample dataset, the 1-step and 2-step models were rejected because: (1) the curves obviously did not fit the data (Appendix 1-figure 2); (2) the c 2 /DOF was far from optimal (Appendix 1-figure 2; Appendix 1-tables 1-5); and (3) The data were fit using the 1-step (top row), 2-step (middle row), or 3-step (bottom row) sequential kinetic scheme (Appendix - figure 1) . *Appendix 1-figure 1.
**The errors listed are the standard errors from the global fit as reported by Kintek Global Kinetic Explorer (Johnson et al., 2009a) . † For the 1-step, 2-step, and 3-step models, the value for k d , the dissociation rate for RPo, was calculated using equation (17) of (Tsodikov and Record, 1999) :
For the 1-step model, K 2 = K 3 = 0, k -2 = k -3 = ¥; for the 2-step model, K 3 = 0, k -3 = ¥. For the 4-step model, dissociation was simulated and the result was fit to a single exponential decay to derive k d . The value for t 1/2 was calculated as t 1/2 = ln(2)/k d . ‡ The experimental half-life (t 1/2 exp ) was determined from promoter lifetime experiments ( Figure 2C ). (Johnson et al., 2009a) . † TT For the 1-step, 2-step, and 3-step models, the value for k d , the dissociation rate for RPo, was calculated using equation (17) of (Tsodikov and Record, 1999) :
For the 1-step model, K 2 = K 3 = 0, k -2 = k -3 = ¥; for the 2-step model, K 3 = 0, k -3 = ¥. For the 4-step model, dissociation was simulated and the result was fit to a single exponential decay to derive k d . The value for t 1/2 was calculated as t 1/2 = ln(2)/k d . ‡ The experimental half-life (t 1/2 exp ) was determined from promoter lifetime experiments ( Figure 2C ). *Appendix 1-figure 1.
**The errors listed are the standard errors from the global fit as reported by Kintek Global Kinetic Explorer (Johnson et al., 2009a) . † For the 1-step, 2-step, and 3-step models, the value for k d , the dissociation rate for RPo, was calculated using equation (17) of Tsodikov and Record (1999) :
For the 1-step model, K 2 = K 3 = 0, k -2 = k -3 = ¥; for the 2-step model, K 3 = 0, k -3 = ¥. For the 4-step model, dissociation was simulated and the result was fit to a single exponential decay to derive k d . The value for t 1/2 was calculated as t 1/2 = ln(2)/k d . ‡ The experimental half-life (t 1/2 exp ) was determined from promoter lifetime experiments ( Figure 2C ). Mbo holo+RbpA+CarD ** Model* 1-step 2-step 3-step 4-step (2.7 AE 0.6) x 10 7 k 2 (s À1 ) 9.6 AE 0.4 9.7 AE 0.5 3.9 AE 0.5
Appendix 1-table 4 continued on next page
For the 1-step model, K 2 = K 3 = 0, k -2 = k -3 = ¥; for the 2-step model, K 3 = 0, k -3 = ¥. For the 4-step model, dissociation was simulated and the result was fit to a single exponential decay to derive k d . The value for t 1/2 was calculated as t 1/2 = ln(2)/k d . *Appendix 1-figure 1.
For the 1-step model, K 2 = K 3 = 0, k -2 = k -3 = ¥; for the 2-step model, K 3 = 0, k -3 = ¥. For the 4-step model, dissociation was simulated and the result was fit to a single exponential decay to derive k d . The value for t 1/2 was calculated as t 1/2 = ln(2)/k d . ‡ The experimental half-life (t 1/2 exp ) was determined from promoter lifetime experiments ( Figure 2C ).
DOI: 10.7554/eLife.22520.028
The 3-step sequential model applied to each data set well: it visually fit the data ( Figure 3A -C, Figure 3 -figure supplement 1B-C), it gave c 2 /DOF values close to 1 (Appendix 1-figure 2; Appendix 1-tables 1-5), and for every sample, the calculated t 1/ 2 matched well with the experimental values (Appendix 1-tables 1-5). Thus, for each sample, a concentration series was collected on a given day and fitted to the 3-step model. Concentration series collected on separate days were fitted separately, yielding similar constants. The constants derived in this way were then averaged, giving rise to the average values and standard errors listed in Supplementary file 4.
Validation of kinetic parameter estimation (see Johnson et al., 2009a for a more detailed discussion)
Like other programs for fitting data by nonlinear regression, KinTek Global Kinetic Explorer provides a covariance matrix from which standard errors are calculated to give estimates of the confidence intervals on fitted parameters (Johnson et al., 2009a) . However, standard errors computed in this way underestimate the true error, and may not be valid at all. The fitting process assumes that all experimental errors are uncorrelated and normally distributed, which is not necessarily the case for complex kinetic models, where sets of parameters can be correlated in ways that are not obvious. Moreover, the covariance matrix is not valid when the parameters are underconstrained by the data. The practical manifestation of this is that the set of parameter values determined to be the best fit (i.e. a minimum in the sum square error, or SSE, with the experimental data) may not be unique; sets of parameters that are correlated may vary systematically over a wide range and give rise to an equally good fit to the data given appropriate adjustments of the remaining parameters. For this reason, it is difficult to evaluate whether the set of parameters are adequately constrained by the data.
In contour confidence analysis ('FitSpace' calculations in the KinTek Global Kinetic Explorer software; (Johnson et al., 2009a) , a given pair of parameters (x, y; the test parameters) are varied systematically around the area of their best fit. At each pair of x, y values of the test parameters, the experimental data are fit by allowing all of the other parameters to vary while holding the test parameters fixed. After convergence to the best fit, the sum of squared errors (SSE) is computed. In this way, a profile of the SSE over the grid of tested x, y values is constructed. This process is then repeated for all possible pairs of parameters. This defines the extent to which pairs of parameters are correlated and individual parameters are constrained by the data without making assumptions regarding the values of the other parameters.
The FitSpace calculations for some of the fits to individual concentration series datasets (used to derive the values listed in Supplementary file 4) revealed that some of the parameters for some of the fits were not well constrained. We imposed additional constraints on the data to reduce the degress of freedom for the fitted parameters:
1. First, we combined the independent trials for each sample and analyzed them together rather than separately (all samples). 2. Second, for samples where dissociation data were available (Mbo holo and Mbo holo +RbpA; Figure 3 -figure supplement 1D-E), we included those data in the combined analysis. 3. Third, for Mbo holo, we included the results of the 2-AP experiment ( Figure 3D ) in the combined analysis. 4. Fourth, for Eco holo, the unconstrained parameter was k -3 , which was very small in magnitude relative to the other rate constants and could vary over several orders of magnitude without affecting the fit. In this case, we fixed the value of k -3 to zero. 5. Finally, for the other samples where dissociation data were not available (Mbo holo+CarD, Mbo holo+RbpA+CarD), we used an iterative procedure to require that the fitted kinetic parameters yielded the observed experimental t 1/2 for each sample and fixed k -3 , as detailed here: We determined that the calculated RPo t 1/2 (using Equations 2 and 3, main manuscript) was most sensitive to the value of k -3 (compared to all the other parameters). Therefore, for each dataset (Mbo holo+CarD, Mbo holo+RbpA+CarD), we adjusted the value of k -3 until the calculated RPo t 1/2 was equal to the experimentally determined value (to within roundoff error). We then fixed k -3 and refined the other constants against the fluorescence data. We iteratively adjusted k -3 and refined the other values so that the final calculated RPo t 1/2 was equal to the experimentally determined value, and the refinement of the other constants stabilized (i.e. the values didn't change during refinement). Note that since the initial (unrestrained) refinements resulted in calculated RPo t 1/2 values that were already close to the experimental values (Supplementary file 4), this procedure did not require dramatic changes to the constants but resulted in a final refinement in which k -3 was fixed.
The final refinement and FitSpace calculations for each sample are described below:
Eco holo
For Eco holo, we only collected one concentration series (Supplementary file 3; Figure 3A ). FitSpace calculations on the unconstrained fit revealed that the parameter k -3 was poorly constrained by the data; the value of k -3 could vary from zero over several orders of
